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Background: Fate mapping studies have shown that progenitor cells of three
vertebrate embryonic midline structures — the floorplate in the ventral neural
tube, the notochord and the dorsal endoderm — occupy a common region prior
to gastrulation. This common region of origin raises the possibility that
interactions between midline progenitor cells are important for their
specification prior to germ layer formation. 
Results: One of four known zebrafish homologues of the Drosophila
melanogaster cell–cell signaling gene Delta, deltaA (dlA), is expressed in the
developing midline, where progenitor cells of the ectodermal floorplate,
mesodermal notochord and dorsal endoderm lie close together before they
occupy different germ layers. We used a reverse genetic strategy to isolate a
missense mutation of dlA, dlAdx2, which coordinately disrupts the development
of floorplate, notochord and dorsal endoderm. The dlAdx2 mutant embryos had
reduced numbers of floorplate and hypochord cells; these cells lie above and
beneath the notochord, respectively. In addition, mutant embryos had excess
notochord cells. Expression of a dominant-negative form of Delta protein driven
by mRNA microinjection produced a similar effect. In contrast, overexpression
of dlA had the opposite effect: fewer trunk notochord cells and excess
floorplate and hypochord cells. 
Conclusion: Our results indicate that Delta signaling is important for the
specification of midline cells. The results are most consistent with the
hypothesis that developmentally equivalent midline progenitor cells require
Delta-mediated signaling prior to germ layer formation in order to be specified
as floorplate, notochord or hypochord.
Background
Different cell types at the vertebrate embryonic midline
are thought to arise as a result of a series of inductive sig-
naling events. An early step in this process is the develop-
ment of dorsal mesoderm, induced by vegetally localized
signals [1,2]. In turn, dorsal mesoderm induces the forma-
tion of neural tissue [3] and influences the pattern of cell-
type differentiation in the neural tube dorsoventral axis
[4]. One well-studied event in this sequence is the devel-
opment of floorplate — the most ventral cell type in the
neural tube — which is induced by signaling from the
underlying notochord, which derives from dorsal meso-
derm. Extirpation of notochord from caudal regions of
developing chick embryos results in the absence of floor-
plate and motoneurons, which develop dorsolateral rela-
tive to floorplate [5–7]. In contrast, transplantation of
notochord to ectopic positions adjacent to the neural tube
induces ectopic development of floorplate and motoneu-
rons [5,7–9]. These results provide evidence that the noto-
chord is the source of a factor that influences cell-type
differentiation in the neural tube. The inductive factor is
thought to be Sonic hedgehog (Shh), a secreted protein:
the notochord expresses Shh [10–13]; Shh can induce
floorplate development in neural plate explants [14,15];
and floorplate-inducing activity from the notochord is
blocked by antibodies specific to Shh [14,16]. Further-
more, mouse embryos lacking Shh function, as a result of
targeted mutation, fail to develop floorplate [17]. Thus,
Shh appears to be necessary and sufficient for the induc-
tion of floorplate, leading to the model that Shh,
expressed by the notochord, induces overlying neuroecto-
derm to develop as floorplate [4]. 
Recent experiments have revealed that the absence of
floorplate from embryos from which notochord has been
removed may result not from a loss of notochord signaling
but from the simultaneous removal of closely associated
notochord and floorplate precursor cells [18]. This idea is
consistent with fate maps from chick, mouse and amphib-
ians which show that precursor cells of floorplate, noto-
chord and dorsal endoderm arise from a common region
[19–23]. This common region is called the chordoneural
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hinge and is located within Hensen’s node in the chick
[21,22] and in the dorsal blastopore-lip-derived tail bud in
amphibians [24]. In the zebrafish, cell lineage analyses
have indicated that precursor cells of notochord, floorplate
and hypochord — a rod-like structure directly beneath
notochord which, in amphibians, is endodermally derived
[25] — also arise from a common region of the embryo,
the embryonic shield [26,27]. This region is located at the
dorsal margin of gastrulating embryos and is considered to
be the equivalent of Hensen’s node [28]. Thus, floorplate,
notochord and dorsal endoderm precursor cells are inti-
mately associated prior to their distribution to different
germ layers. 
The close association of these precursor cells raises the
possibility that interactions between them are important
for their specification to different fates. Neighboring cells
that take different fates during Drosophila melanogaster
development often require signaling mediated by a mem-
brane-bound ligand, Delta, and its receptor, Notch [29].
Similarly, the Delta-like ligands Apx-1 and Lag-2 interact
with the Notch-like receptors Glp-1 and Lin-12 to specify
different fates for adjacent cells during Caenorhabditis
elegans development [30]. Vertebrate embryos also express
Delta and Notch family members; functional analyses of
these molecules have focused largely on their roles in neu-
rogenesis and somitogenesis [31–37]. Given the numerous
invertebrate developmental processes shown to require
Delta–Notch functions, it seems likely that these mol-
ecules mediate many different kinds of cell fate decisions
during the development of vertebrate embryos including,
perhaps, those made during gastrulation. We tested this
idea by analyzing the effect of a mutation of a zebrafish
Delta homologue, deltaA (dlA), on midline development.
We found that mutant embryos have reduced numbers of
floorplate and hypochord cells and excess notochord cells,
whereas embryos that overexpress dlA have reduced trunk
notochord cells and excess hypochord and floorplate cells.
These results strongly suggest that interactions between
floorplate, notochord and hypochord precursor cells
specify them for different fates, indicating that midline
fate specification occurs prior to germ layer formation. 
Results
Embryonic midline cells express dlA during gastrulation
and tail formation
At the onset of gastrulation, cells throughout the embryo
uniformly express dlA at low levels (data not shown), but
by midgastrulation, a small group of cells at the dorsal
margin express elevated levels of dlA (Figure 1a). These
cells lie deep within the dorsal margin where involuting
cells enter dorsal mesendoderm (Figure 1b). Cells that
express dlA at high levels are deep within the dorsal margin
during the remainder of gastrulation (data not shown), indi-
cating that involuting cells transiently express dlA prior 
to their entry into dorsal mesendoderm. In addition, 
sectioned embryonic material shows that some epiblast
cells at the dorsal midline express dlA at elevated levels
(Figure 1b). 
Tail-bud cells also express dlA: most cells express dlA at
low levels but a small number of dispersed cells within the
epiblast of the anterior tail bud express elevated levels of
dlA (Figure 1c–f). Double-labeling with an antibody spe-
cific to the protein product of no tail (ntl), a zebrafish homo-
logue of the mouse Brachyury gene that is expressed in
notochord precursor cells [38], shows that cells expressing
dlA at high levels border notochord precursor cells
(Figure 1d–f). As in the dorsal marginal cells of gastrulating
embryos, dlA expression in these cells is transient. Tail-
bud cells and neural-plate cells that express dlA at high
levels are separated by a region of cells that express dlA at
low levels (Figure 1c), indicating that dlA transcription is
briefly downregulated between the time of tail-bud forma-
tion and neurogenesis. Additionally, dlA is expressed at low
levels in cells lateral to notochord precursor cells
(Figure 1e) and in cells deep within the tail bud (Figure 1f)
where Ntl expression is relatively low. 
Identification of a deltaA mutation
The dlA gene is one of four known zebrafish genes homol-
ogous to D. melanogaster Delta [34,35,39]. Genetic mapping
showed that dlA lies on Linkage Group 1 of the zebrafish
genetic linkage map, 13 centimorgans (cM) distal to msxB
[40]. This position suggested that dlA is deleted by the
T(msxB)b220 chromosomal deficiency [41] but not by an
overlapping deficiency, leoγ2 (Figure 2a). We confirmed
these predictions by PCR: the dlA locus is absent from
T(msxB)b220 homozygous mutant embryos but is present in
leoγ2 mutant embryos (Figure 2b).
The complex phenotypes displayed by T(msxB)b220
mutant embryos include cell death in the central nervous
system, and defects in eye, blood, and fin formation [41],
and in neural development (see below). To obtain muta-
tions that specifically affect the function of dlA, we mated
fish that had been mutagenized using N-ethyl-N-
nitrosourea (ENU) [42] with T(msxB)b220 heterozygotes
and screened for failure of complementation of different
aspects of the T(msxB)b220 mutant phenotype. Of 270 F1
mutagenized fish, we found four that carried such muta-
tions. Embryos bearing one of these alleles, dx2, had
upwardly curved tails (Figure 2d), as did T(msxB)b220
mutant embryos, but lacked many other manifestations of
the T(msxB)b220 phenotype such as defects in eye and
blood development. 
Mutant embryos carrying dx2 moved abnormally when
touched and usually died within 10 days of fertilization.
The dx2 mutation is dominant, with incomplete pene-
trance and variable expressivity. For example, 26 pairwise
matings between mutant carriers yielded 1,730 embryos,
248 Current Biology, Vol 9 No 5
of which 482 (27.9%) exhibited varying degrees of tail cur-
vature. For individual clutches, the fraction of embryos
with curved tails ranged from 10.7% to 43.3%. This varia-
tion from the results expected of a recessive allele is statis-
tically significant — for an average clutch size of 66.5
embryos, ranging from 54 to 174 embryos, p < 0.023 —
and may reflect heterogeneity in the genetic background.
To test the possible dominance indicated by these results,
dx2 mutant carriers were crossed with wild-type fish. Of
2,435 embryos obtained from 35 outcrosses, 41 (1.7%)
showed tail curvature, with frequencies in different
clutches ranging from 0% to 8.5%. The tail curvature in
presumptive heterozygous embryos was generally less
severe than that of presumptive homozygous embryos.
Wild-type embryos grown under the same conditions
showed no appreciable tail curvature.
T(msxB)b220 homozygous mutant embryos had a slight over-
abundance of some early-specified neurons (Figure 3b),
whereas leoγ2 mutant embryos appeared normal in this
respect (data not shown). These observations indicated
that the absence of a gene removed by the T(msxB)b220
deletion but not by the leoγ2 deletion affects neuronal
specification. Zebrafish embryos injected with mRNA
encoding dominant-negative Xenopus laevis X-Delta-1
protein also have an overabundance of early-specified
neurons [34,35], suggesting that the T(msxB)b220 neural
phenotype may result from the loss of dlA function.
Embryos transheterozygous for the dx2 allele and the
T(msxB)b220 mutation, as well as dx2 mutant embryos, also
had excess early-specified neurons (Figure 3c,d). Both
transheterozygotes and dx2 mutant embryos had a much
larger increase in the number of early-specified neurons
than T(msxB)b220 mutant embryos, however, indicating that
the dx2 allele has a more severe effect on neurogenesis
than loss of the dlA locus alone. 
Because of the similarity between the neural phenotype
in dx2 mutant embryos and wild-type embryos express-
ing dominant-negative X-Delta-1, we sequenced dlA
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Figure 1
Cells in the developing embryonic midline express dlA. (a) Dorsal view
(anterior up) of an embryo at 80% epiboly, hybridized with a dlA RNA
probe. A small cluster of cells at the dorsal margin (DM) express
elevated levels of dlA. The plane of section for (b) is indicated by the
double-headed arrow. (b) Sagittal section of an 80% epiboly embryo
(anterior up), showing elevated dlA RNA expression deep within the
dorsal margin. White arrows indicate epiblast cells that express dlA at
elevated levels. (c) Dorsocaudal view (anterior left) of a four-somite-
stage embryo hybridized with a dlA RNA probe. Scattered cells in the
medial tail bud (TB) — the area delineated by the box — express dlA at
high levels. Neuroepithelial cells (NE) that express dlA at high levels
are in the anterior of the embryo and out of focus. The box indicates
the area shown in (d), at higher magnification. (d,e) Four-somite-stage
embryos labeled for dlA RNA (blue) and Ntl protein (brown). (d) Dorsal
view (anterior left) at the level of the anterior tail bud. Cells expressing
dlA (arrows) border Ntl-expressing notochord precursor cells (NC).
The double-headed arrows indicates the planes of section for (e) and
(f). (e) Transverse section shows that dlA-expressing cells encircle
cells that express high levels of Ntl. In tail bud regions lateral to the
forming notochord, dlA and Ntl appear to be co-expressed at a low
level (asterisks). (f) Sagittal section (anterior left, dorsal up) through the
posterior neuroepithelium (NE) and tail bud. Cells throughout the tail
bud express Ntl, except for epiblast cells where they become
distinguishable as neuroepithelial cells. High level dlA expression
occurs at this point (arrows) but neuroepithelium immediately rostral to
this point does not express dlA at high level. Low level dlA expression
occurs deep with the tail bud (asterisk) in a region of low Ntl
expression. K indicates the position of Kupffer’s vesicle. The double-
headed arrow indicates the plane of section for (e). Bar represents
100 µm for (a,c), 50 µm for (b,d,e) and 40 µm for (f).
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cDNA isolated from dx2 mutant embryos. We compared
this sequence to that derived from the wild-type AB 
laboratory strain because parental DNA for the dx2 strain
was no longer available. We identified three nucleotide
differences that potentially affect the DeltaA protein.
One nucleotide change would result in the substitution
of methionine for threonine at a non-conserved position
in epidermal growth factor (EGF)-like repeat 7.
Zebrafish deltaD encodes threonine at the comparable
position, so we think this difference is unlikely to affect
DeltaA function. The dlA gene possibly encodes a minor
isoform having a 38 amino-acid amino-terminal extension
[34,35]. The second nucleotide change in dx2 mRNA
would substitute asparagine for isoleucine at the position
of the thirty-first residue within this extension, but the
amino-terminal extension is not required for DeltaA
activity in overexpression experiments, as shown by
mRNA microinjection experiments (described later in
the text). Finally, dx2 mRNA includes a G to A transition
at position 1209 (G→A1209) of dlA (Figure 4a), which sub-
stitutes tyrosine for a conserved cysteine within the
second EGF-like repeat of the DeltaA extracellular
domain (Figure 4b). Six cysteine residues are conserved
in all EGF-like repeats of Delta and Notch class proteins.
Thus, substitution of a cysteine residue is likely to be
deleterious to the structure and function of EGF-like
domains. In fact, some Abruptex alleles of D. melanogaster
Notch result from amino-acid substitutions in EGF-like
repeats, including substitution of cysteine residues [43].
To determine whether substitution of cysteine causes
the dx2 phenotype, we constructed the G→A1209 muta-
tion in wild-type dlA cDNA, used this construct as a tem-
plate to synthesize mRNA, and injected mutant mRNA
into cleavage-stage embryos. Embryos injected with dlA
G→A1209 mRNA, but not wild-type dlA mRNA, dis-
played phenotypes similar to dx2 mutant embryos and
wild-type embryos that express dominant-negative 
X-Delta-1 protein (see below). Thus, we conclude that
the dx2 mutant phenotype results from a missense muta-
tion that disrupts the second EGF-like repeat of DeltaA,
250 Current Biology, Vol 9 No 5
Figure 3
Mutant embryos carrying dx2 have excess early-specified neurons.
Dorsal views of spinal cords from 30 h embryos were labeled with an
antibody against Islet1/2 to reveal Rohon–Beard (RB) sensory
neurons. (a) Wild-type embryo. (b) T(msxB)b220 homozygous mutant
embryo showing a small increase in the number of RB neurons. Both
(c) dx2/T(msxB)b220 and (d) dx2 mutant embryos have a large
increase in the number of RB neurons. Bar represents 50 µm.
(a)
(b)
(c)
(d)
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Figure 2
The dx2 allele is a non-complementing allele
of the T(msxB)b220 chromosomal deficiency.
(a) Partial genetic map of Linkage Group 1
(LG1) showing the position of dlA and
neighboring loci and the approximate regions
deleted by the T(msxB)b220 (b220) and leoγ2
deficiencies. (b) PCR primers specific to dlA
amplify products from genomic DNA isolated
from wild-type and leoγ2 mutant embryos but
not from T(msxB)b220 mutant embryos.
Primers specific to deltaD, used as a control,
amplify products from all three embryo types.
DNA molecular-weight markers (M) are
shown. (c) Wild-type (WT) and (d) dx2
mutant embryos are shown, approximately
30 h after fertilization.
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creating a protein that might dominantly interfere with
Delta–Notch signaling function. Henceforth, we there-
fore refer to the dx2 mutation as dlAdx2.
DeltaA function regulates specification of the floorplate,
notochord and hypochord
In addition to profound consequences for neurogenesis,
the dlAdx2 mutation disrupts the development of midline
structures notochord, floorplate, and hypochord. The
dlAdx2 mutant embryos had greatly reduced amounts of
morphologically distinct floorplate (Figure 5b). Labeling
of differentiated floorplate with the MZ15 anti-keratin
sulphate antibody confirmed the reduction in the amount
of floorplate in dlAdx2 mutant embryos (Figure 5e) as did
labeling with the zn5 antibody, which labels secondary
motoneurons and floorplate (data not shown). Curiously,
ventral spinal cord cells in dlAdx2 mutant embryos
expressed early markers of floorplate specification, such
as α-collagen type II (col2a1) (Figure 5h) and sonic hedgehog
(data not shown). The floorplate phenotype seen by
col2a1 expression was consistently less severe than that
seen by morphology or MZ15 labeling. One possible
explanation for this difference is that, in mutant embryos,
some cells are specified as floorplate but do not differenti-
ate fully. Strikingly, however, the number of presumptive
floorplate cells expressing col2a1 is reduced by about 25%
in mutant embryos (Figure 6a). Expression of col2a1 also
revealed that hypochord, consisting of a single row of cells
underlying notochord, was reduced by up to 40% in
mutant embryos (Figures 5h and 6a). These results
suggest that, in addition to a possible role in promoting
midline cell differentiation, dlA function is required for
the specification of appropriate numbers of floorplate and
hypochord cells. 
Concomitant with the reduction of floorplate and
hypochord cell numbers, dlAdx2 mutant embryos appeared
to have more notochord cells than wild-type embryos
(Figure 5a,b). To examine this more quantitatively, we
incubated neural-plate stage embryos with an antibody
specific to Ntl and an antibody specific to Islet1/2, which
labels some early-specified neurons [34,44], allowing us to
identify mutant embryos unambiguously by their neu-
ronal phenotype. Careful counts in dlAdx2 mutant embryos
confirmed that there are more notochord precursor cells
than in wild-type embryos (Figures 5j,k and 6b), indicat-
ing that dlA normally limits the number of cells that
develop as notochord.
Embryos mutant for mind bomb (mib) have neural defects
similar to dlAdx2 mutant embryos [45,46]. Thus, we exam-
ined mibta52b mutant embryos to determine whether this
similarity extends to effects on midline cell development.
Like dlAdx2 mutant embryos, mibta52b mutant embryos had
reduced amounts of floorplate (Figures 5c,5f,5i,6a) and
hypochord cells (Figures 5i,6a), and excess notochord cells
(Figures 5l,6b). The gene disrupted by mib mutations is
currently unknown, but dlAdx2 and mibta52b complement
one another (data not shown), suggesting that these muta-
tions affect independent loci. Thus, mutations at two dis-
tinct loci similarly alter the number of cells allocated to
floorplate, notochord and hypochord fates. This strongly
suggests that midline cell types are coordinately specified.
Additionally, the parallel effects of dlA and mib mutations
on neural and midline development indicate that similar
mechanisms contribute to pattern formation in the
nervous system and midline. Finally, the similarity of dlA
and mib mutant midline phenotypes supports previous
suggestions that mib encodes a component of the Notch
signaling pathway [45,46]. 
Our results show that disruption of dlA and mib reduces
the number of floorplate and hypochord cells and, at the
same time, increases the number of notochord cells. This
suggests that Delta–Notch signaling regulates a choice
between these fates. To test this hypothesis, we injected
synthetic mRNAs encoding three different forms of Delta
protein into cleavage-stage embryos. Injection of mRNA
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Figure 4
The dx2 allele is a missense mutation of dlA,
affecting an EGF-like repeat. (a) Sequence
traces of dlA cDNA isolated from wild-type
and dx2 mutant embryos, which have a G to A
transition at position 1209 (*) of the dlA
cDNA sequence. (b) Schematic
representation of the predicted DeltaA protein
structure. The eight extracellular EGF-like
repeats are depicted as boxes and the
affected repeat is highlighted in red. The
amino-acid sequence of the second EGF-like
repeat (ELR2) is shown below, with
conserved cysteine residues highlighted in
red. The dlAdx2 mutation substitutes tyrosine
for the fourth cysteine. 
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encoding dominant-negative X-Delta-1 [32] phenocopied
the dlAdx2 mutant defects in floorplate and hypochord
(Figure 5m). Injection of dlA G→A1209 mRNA produced
the same, although less severe, defect (Figure 5n). Con-
versely, overexpression of full-length, wild-type DeltaA
protein by mRNA injection reduced the amount of trunk
notochord and increased the amount of hypochord and
floorplate (Figure 5o). Thus, within the embryonic trunk
midline, dlA overexpression promotes the formation of
floorplate and hypochord, apparently at the expense of
notochord. Taken together, the results described here are
consistent with the possibility that Delta–Notch signaling
mediates choices between notochord, floorplate and
hypochord fates.
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Floorplate, hypochord, and notochord development are disrupted in
dlAdx2 and mibta52b mutant embryos. Anterior is to the left of the
embryo and dorsal is to the top in all embryos unless otherwise noted.
(a–c) Side views of the trunks of embryos approximately 30 h old.
(a) Wild-type (WT) embryo showing floorplate (FP) and notochord
(NC). Morphologically distinct floorplate is largely absent from
(b) dlAdx2 and (c) mibta52 mutant embryos. Note the apparent increase
in number of notochord cells. (d–f) Embryos approximately 28 h old
labeled with anti-keratin sulfate antibody MZ15, which recognizes
notochord sheath cells and the lumenal surface of floorplate [62]. In
wild-type embryos (d), the floorplate appears to be a continuous row of
labeled cells, whereas in (e) dlAdx2 and (f) mibta52b mutant embryos,
large gaps appear in floorplate labeling, indicating a reduction in the
amount of differentiated floorplate cells. (g–i) Side views of 24–27 h
embryos labeled for col2a1 RNA expression, which labels floorplate
and hypochord (HC) [63]. (g) Wild-type embryo showing col2a1
expression in floorplate and hypochord cells. Note the cuboidal
morphology and close packing of floorplate cells. Reduced numbers of
col2a1-expressing cells are found in floorplate and hypochord in
(h) dlAdx2 and (i) mibta52b mutant embryos. Gaps in labeling often occur
in floorplate and hypochord, and more frequently in the latter.
Floorplate cells in mutants are less tightly packed, often positioned
more dorsally than normal, and appear to be larger and rounder than in
wild-type embryos. (j–l) Dorsal views of four-somite-stage embryos at
the anterior–posterior position of unsegmented paraxial mesoderm,
labeled with an anti-Ntl antibody. (j) Wild-type embryos have fewer
notochord precursor cells than do (k) dlAdx2 and (l) mibta52b mutant
embryos. (m–o) Side views of 24–27 h embryos labeled for col2a1
expression. (m) Wild-type embryo injected with X-Delta-1Stu mRNA
encoding dominant-negative Delta protein [32]. Floorplate and
hypochord col2a1 expression is reduced as in dlAdx2 and mibta52b
mutant embryos. Of 62 injected embryos, 39 (63%) had reduced
amounts of floorplate and/or reduced hypochord, as indicated by
col2a1 expression. Notochords were present in all embryos. (n) Tail
region of a wild-type embryo injected with synthetic dlA mRNA
containing the G→A1209 mutation, showing a reduction in the amount
of hypochord. Of 69 injected embryos, 12 (17%) had reduced
amounts of floorplate and/or hypochord. Embryos injected with dlA
G→A1209 mRNA, like embryos injected with X-Delta-1Stu mRNA, also
had an excess of early-specified neurons, although fewer embryos
were affected and the phenotype was not as severe (data not shown).
In contrast, embryos injected with wild-type dlA mRNA had reduced
numbers of neurons [34]. (o) Trunk notochord is absent from an
embryo injected with wild-type dlA mRNA. In its place are excess
hypochord cells (HC; darkly stained cells indicated by arrows) and
excess floorplate cells (faintly stained cells above hypochord cells).
Asterisks mark the border between floorplate and hypochord cells (see
Supplementary material published with this article on the internet for
transverse sections). Wild-type dlA mRNA was injected into 137
embryos; 85 (62%), scored as live embryos, showed a reduction in the
amount of trunk notochord. Then, 38 injected embryos were probed for
col2a1 expression and, of these, 33 had a reduced amount of
notochord and increased numbers of floorplate and hypochord cells.
Labeling for radar [64] and tiggywinkle hedgehog [65] expression,
specific to hypochord and floorplate, respectively, confirmed the
identities of these cells (see Supplementary material). Bar represents
50 µm for (a–f), 35 µm for (g–i,m–o) and 10 µm for (j–l).
Discussion
Extensive fate mapping in the chick has shown that cells
within a common region of Hensen’s node are distributed
to different germ layers and develop as floorplate in the
ventral spinal cord, notochord, or dorsal endoderm [20].
This common region, called the chordoneural hinge, con-
tinues to contribute cells to these different structures as
Hensen’s node regresses [22]. Similar spatial relationships
between midline progenitor cells exist in frogs, mice, and
zebrafish [19,23,26,27,47]. Here, we have described two
zebrafish mutations that coordinately disrupt specification
of floorplate, notochord and hypochord. Because one of
these mutations affects a Delta-like protein, the simplest
interpretation of these mutant phenotypes is that
Delta–Notch signaling within the chordoneural hinge allo-
cates appropriate numbers of initially similar cells to dif-
ferent germ layer fates at the embryonic midline.
Midline expression of delta and notch genes
Our analysis suggests that Notch activity in midline cells
promotes floorplate and hypochord fates over that of noto-
chord. From this analysis we predict that, in normal devel-
opment, Notch is activated in floorplate and hypochord
precursor cells by DeltaA present in neighboring cells,
such as notochord precursors or precursors of other cell
types such as ventral spinal cord neurons. Gastrulating
embryos express dlA broadly and, beginning in mid-gas-
trulation, transiently express dlA at elevated levels in deep
dorsal marginal cells entering axial mesendoderm. Thus,
during gastrulation, presumptive notochord precursor cells
express dlA. In contrast, in the tail bud, cells bordering
notochord precursor cells express dlA at high level. Cur-
rently, we do not know the identity of these cells but,
because they are located in the dorsomedial tail bud, they
are likely to be near floorplate precursor cells. During gas-
trulation and tail formation, midline epiblast cells express
notch5 whereas involuting cells entering mesendoderm do
not [48]. Mesendodermal cells, including notochord prog-
enitors, express notch1a and notch1b [48,49]. Thus, expres-
sion of zebrafish delta and notch genes correlates with
positions at which midline fate decisions are potentially
made, although understanding the precise relationships of
delta and notch gene expression with the distribution of
midline progenitor cells requires more detailed analysis.
Interestingly, mouse node, notochord and presumptive
floorplate cells express Notch2 [50], raising the possibility
that Delta–Notch signaling also regulates specification of
midline cell fates in mammals.
Zebrafish mutations disrupting midline cell fate specification
In many instances during D. melanogaster and C. elegans
development, Delta–Notch signaling apparently mediates
binary fate decisions [29]. Mutations of Delta- and Notch-
related genes often result in an excess of one cell type at
the expense of another. Excess notochord cells develop in
dlAdx2 and mibta52b mutant embryos but at the apparent
expense of two other cell types, floorplate and hypochord.
How might Delta–Notch signaling mediate a three-way
fate decision at the midline? We stress that we do not yet
know the exact nature of fate decisions that might be made
at the midline. Detailed lineage analyses of neighboring
cells is required to determine the identities of midline
progenitor cells that potentially signal to one another
through Delta–Notch interactions. But we can imagine two
possible scenarios for Delta–Notch-mediated specification
of the midline cell types described here. First, midline pre-
cursor cells might undergo sequential, binary decisions.
For example, a cell might first choose between developing
as floorplate or remaining as a precursor cell. Precursor cells
might then undergo a second decision to develop as
hypochord or, again, remain in the precursor population.
The remaining precursor cells could then develop as noto-
chord. Alternatively, decisions to develop as floorplate,
notochord or hypochord might be made simultaneously. In
this case, some precursor cells would be inhibited from
developing as notochord by Notch activity and additional,
spatially distributed signals would specify them for either
floorplate or hypochord development.
To further examine the role of Delta–Notch signaling in
midline development, we overexpressed dlA by mRNA
microinjection. The result of this experiment — inhibition
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Figure 6
The dlAdx2 and mibta52b mutant embryos have fewer floorplate and
hypochord cells and more notochord cells than wild-type embryos.
(a) Floorplate and hypochord cells expressing col2a1 were counted
from the level of the second somite to the end of the tail in ten embryos
(24–27 h old) of each genotype. (b) Ntl-expressing cells were counted
within an area equivalent to five somites from the segmented region of
5–6-somite-stage embryos. Ten wild-type (WT), nine mibta52b and
eighteen dlAdx2 mutant embryos were counted. Data show the mean ±
standard deviation. Differences between mutant and wild-type embryos
are significant beyond the 0.001 level using Student’s t test.
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of notochord development and formation of excess floor-
plate and hypochord — is the opposite of that achieved by
expression of dominant-negative X-Delta-1 and opposite
to the phenotypes of dlA and mib mutations. This result
strongly supports the idea that Delta–Notch signaling
mediates cell fate decisions at the midline. The conse-
quence of overexpressing dlA in midline cells is different
from overexpression of various vertebrate Delta genes,
including dlA, in neural cells. Such experiments indicate
that increasing Notch activity in neural cells inhibits neu-
ronal differentiation, thus maintaining cells as neural pre-
cursors [32–35,51]. In contrast, overexpression of dlA in
zebrafish embryos does not inhibit midline cell differenti-
ation but affects midline cell fate choice. This may be
most consistent with the second model outlined above,
that Notch activity prevents cells from developing as noto-
chord, allowing other factors to specify them as floorplate
and hypochord.
Analysis of mutants has shown that several zebrafish genes
are required for the development of one or more midline
cell types. Embryos carrying mutant floating head, momo or
bozozok genes lack notochord and have severely reduced
levels of floorplate [52–54], suggesting that these muta-
tions affect the midline precursor pool. Embryos mutant
for ntl have a particularly striking phenotype in that they
lack notochord but have excess floorplate [55]. This obser-
vation led to the proposal that ntl mediates a cell fate
switch at the midline, by promoting notochord and
repressing floorplate development [55]. Our interpretation
of the role of Delta–Notch signaling at the midline sup-
ports and extends this model. We found that dlAdx2 and
mibta52b mutant embryos have excess ntl-expressing noto-
chord precursors cells and that, during tail formation, dlA-
expressing cells border cells that express ntl. This
interpretation suggests that Delta–Notch signaling
represses ntl expression and thus limits the number of
cells that develop as notochord. Cells that receive Notch
signaling and do not express ntl may be competent to take
other midline cell fates. Interestingly, this interpretation
contrasts with data indicating that Notch signaling pro-
motes Brachyury expression and notochord development
in the ascidian Ciona intestinalis [56]. Such differences may
stem from species-specific differences in Brachyury
expression. In ascidians, only cells fated to develop as
notochord express Brachyury [57,58] whereas in vertebrate
embryos expression of Brachyury is initially broad but then
becomes restricted to developing notochord cells
[38,59,60]. Delta–Notch signaling may contribute to this
downregulation in vertebrate embryos by fine-tuning
Brachyury expression in midline cells. Furthermore, given
that multiple notch genes are expressed in midline cells of
zebrafish embryos, our data do not rule out the possibility
that Delta–Notch signaling both suppresses ntl/Brachury
expression in floorplate and hypochord precursor cells and
promotes notochord development. 
The dx2 allele dominantly interferes with Delta–Notch
signaling 
We were surprised to find that dlAdx2/T(msxB)b220 trans-
heterozygous embryos and dlAdx2 mutant embryos have a
much greater excess of early-specified neurons than do
T(msxB)b220 mutant embryos, suggesting that the dlAdx2
mutation has a more severe impact on neurogenesis than
loss of the chromosomal region spanned by the T(msxB)b220
deficiency. One explanation for this difference might be
that the phenotypic effect caused by loss of the dlA locus is
suppressed by loss of another gene function within the
limits of the T(msxB)b220 chromosomal deficiency that is
required to promote the development of early-specified
neurons. We favor an alternative explanation, however,
namely that the dlAdx2 allele interferes with the function of
both wild-type DeltaA protein and other Delta-like pro-
teins. We base this proposal on the following observations.
First, cultured D. melanogaster cells expressing Delta form
cell aggregates, suggesting that Delta is capable of homo-
typic interactions [61]. Second, in zebrafish the dx2 allele
causes a missense mutation of DeltaA, substituting tyro-
sine for a conserved cysteine within the second EGF-like
repeat of the extracellular domain; thus, mutant DeltaA
protein is likely to be expressed in the same pattern as
wild-type DeltaA. Third, at least three zebrafish delta
genes are expressed in overlapping domains of the devel-
oping nervous system [35]. These genes might have con-
siderable functional redundancy whereby loss of one
might only have a slight effect on neurogenesis. A domi-
nantly interfering mutation of one Delta protein could
disrupt the functions of other structurally related proteins
expressed in similar spatial domains, however, making the
effect much more severe. This is consistent with our
finding that the dlAdx2 allele exhibits dominance, although
at low penetrance, and that the severity of the most
extreme dlAdx2 mutant phenotype in the nervous system
approximates that achieved by the widespread expression
of dominant-negative X-Delta-1 protein, which is pro-
duced by truncation of the intracellular domain [32] and is
thought to interfere with all zebrafish Delta functions
[34,35]. Finally, ectopic expression by mRNA microinjec-
tion of the dx2 mutant form of DeltaA protein in wild-type
embryos causes neural and midline defects similar to those
of dlAdx2 mutant embryos and wild-type embryos express-
ing dominant-negative X-Delta-1. Thus, we propose that
the dx2 form of DeltaA protein interferes with the func-
tions of wild-type Delta proteins, perhaps through the for-
mation of homodimers and heterodimers. 
Conclusions
We hypothesize that Delta–Notch signaling promotes
floorplate and hypochord specification and inhibits noto-
chord specification by mediating interactions between
midline progenitor cells, that are known to lie close to one
another prior to their entry into different germ layers. We
support this hypothesis with three observations. First,
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midline cells express dlA during gastrulation and tail for-
mation. Second, a dlA mutation produces excess noto-
chord cells and concomitant reduction of floorplate and
hypochord cells. A mutation of mib, which may encode a
component of the Notch signaling pathway, generates the
same phenotype. Third, dlA overexpression produces the
opposite effect: reduced trunk notochord cells and excess
floorplate and hypochord cells. These observations
suggest that Delta–Notch signaling regulates fate deci-
sions within a common pool of midline precursor cells.
Materials and methods
Immunohistochemistry and in situ hybridization
Islet proteins were immunolocalized by incubating fixed embryos with
mouse anti-Isl1/2 monoclonal antibody (39.4D5; Developmental
Studies Hybridoma Bank) at 1:100 dilution followed by the peroxi-
dase–anti-peroxidase system (Sternberger Monoclonals) to catalyze
the formation of a brown precipitate in the presence of 0.5 mg/ml
3,3-diaminobenzidine and 0.001% H202. RNA in situ hybridization and
antibody–RNA double-labeling were performed as described previ-
ously [34]. Ntl protein was detected in these experiments using a
rabbit anti-Ntl antibody [38] (gift of S. Schulte-Merker) at 1:10,000
dilution. To examine Ntl expression in dlAdx2 and mibta52 mutant
embryos, fixed embryos were incubated with the rabbit anti-Ntl anti-
body at 1:10,000 dilution and the mouse anti-Isl1 antibody at 1:100
dilution, followed by fluorescein-conjugated anti-mouse and rho-
damine-conjugated anti-rabbit antibodies (Jackson ImmunoResearch
Laboratories). Fluorescent images were obtained using a Zeiss LSM
310 confocal microscope. 
RNA synthesis and injections
Capped mRNA was synthesized using the mMessage mMachine kit
(Ambion). Injections were performed as previously described [34]. For
each experiment, mRNAs at concentrations of approximately
50–300 ng/µl were injected into the yolks of 1- to 8-cell-stage embryos
from which cytoplasmic streaming distributes mRNA to most or all cells.
Embryos
Embryos were obtained from the University of Oregon zebrafish facility.
Wild-type and mibta52 [45] mutant embryos were raised at 28.5°C. The
dlAdx2 phenotype is often mildly enhanced by elevated temperature.
Thus, dlAdx2 mutant embryos, embryos injected with dlA G→A1209
mRNA, and control embryos were shifted from 28.5°C to 32°C just
prior to gastrulation. For these embryos, developmental stage is pre-
sented as the equivalent for embryos raised at 28.5°C.
Supplementary material
Additional data showing the development of floorplate, hypochord and
notochord in wild-type embryos and embryos injected with dlA mRNA
are published with this paper on the internet.
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S1Supplementary material
Figure S1
Development of floorplate, hypochord and
notochord in wild-type and experimental
embryos. (a,b) Transverse sections, at the level
of the trunk, of 24 h embryos labeled for col2a1
expression. (a) Wild-type embryo showing
single floorplate (FP) and hypochord (HC) cells
expressing col2a1. Notochord (NC) does not
express col2a1 at this stage. (b) Notochord is
absent from an embryo injected with deltaA
(dlA) mRNA at an early cleavage stage,
whereas floorplate and hypochord cell numbers
are increased. The dashed line indicates the
boundary of the ventral neural tube, which
appears larger than normal. (c,d) Dorsal views
at the level of the trunk of 22 h embryos labeled
for tiggywinkle hedgehog (twhh) expression.
(c) Wild-type embryo showing a one-cell-wide
row of floorplate cells expressing twhh.
(d) Embryo injected with dlA mRNA at an early
cleavage stage. Floorplate expression is three
to four cells wide. (e,f) Side views of 24 h
embryos at the level of the trunk labeled for
radar expression. (e) Wild-type embryo
showing a single row of radar-expressing
hypochord cells (white arrow) beneath
notochord. The black arrow indicates floorplate.
(f) Embryo injected with dlA mRNA at an early
cleavage stage. Notochord is missing from the
trunk of this embryo, except for a small portion
labeled NC. Excess hypochord cells developed
throughout the trunk (white arrows). Floorplate,
indicated by the black arrow, lies immediately
above hypochord cells.
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